In the Central Iberian Zone synorogenic (syn-and late-D 3 , the last deformation phase) composite batholiths of biotite-rich granitods with peraluminous character are well represented. We report here U-Pb zircon and monazite ages, geochemical, Sr-Nd-O isotopic data and Anisotropy of Magnetic Susceptibility (AMS) studies for the late-D 3 Vieira do Minho pluton, in northern Portugal. AMS reveals the paramagnetic behaviour of these granites and the magnetic fabric enhances the major role of NW-SE regional anisotropies on controlling the ascent and emplacement of the magmas. Magnetic anisotropy and medium temperature microstructures also point out the evolution of regional tectonics during crystallization of the magma. U-Pb zircon and monazite analyses yield consistent ages of 310 ± 2 Ma and 312 ± 2 Ma, interpreted as emplacement age. The Vieira do Minho pluton consists of two peraluminous monzogranites, the VMG and the MRG. O=9.9‰-10.5‰. These granites are associated with coeval scarce grabroic intrusions and/or mafic microgranular enclaves which are not considered as mafic precursors of the associated granitic magmatism. Instead, a lower metaigneous crustal source, at different levels, is proposed based on the available data set.
Introduction
The generation and emplacement of granitoids, which are well represented in orogenic belts, are fundamental processes of continental recycling and/or crustal growth. Although controversial, the type and nature of the processes responsible for the genesis of different granitic magmas can involve partial melting of distinct source rock materials, hybridisation of magmas with contrasting compositions, fractional crystallization, crustal contamination and more complex models, such as assimilation-fractional crystallization process (Bea et al., 1999; Bonin, 2004; Castro et al., 1999; Collins et al., 2000; Dias and Leterrier, 1994; Dias et al., 2002; Janousek et al., 2004; Moreno-Ventas et al., 1995; Patiño-Douce, 1999; Renna et al., 2006; Silva and Neiva, 2004; Slaby and Martin, 2008; Villaseca et al., 1998 Villaseca et al., , 2008 Villaseca et al., , 2009 ). Thus, their study offers an important contribute to a better knowledge of the mechanisms of magma genesis and the deep continental crust evolution, giving together insights about the nature of source rocks that are melted.
Moreover, granitoids are useful indicators of crustal kinematics allowing a reconstruction of the late stages of the tectonic evolution of orogenic belts (Gleizes et al., 1997) . Development and interpretation of fabric patterns during the different stages of emplacement or during regional post-emplacement deformation of granitic bodies can be of critical importance. The Anisotropy of Magnetic Susceptibility (AMS) is a powerful tool to investigate the internal structures of plutons where the macroscopic preferred mineral orientation is poorly expressed or absent (e.g. Bouchez, 1997) . In particular, the lineation is often difficult to obtain from field studies alone because granitoids do not develop planar and linear fabrics that can be easily observed, unless they are significantly deformed, except microgranular, feldspar megacryst bearing, granitoids and schlieren rich granites.
The Late Variscan Vieira do Minho composite granite pluton offers a good opportunity to constrain some of those questions, namely the nature of the granite sources and the structural constraints to granite emplacement. In order to achieve these purposes a multidisciplinary approach was undertaken.
This paper reports the petrography, the microstructures, the geochemistry, the U-Pb age and the Anisotropy of Magnetic Susceptibility (AMS) data of the studied pluton. The aim of this study is to provide constraints on the timing of pluton emplacement, its tectonic control and potential sources of these late Variscan granites.
Geological setting
The Central Iberian zone, CIZ, is the axial domain of the Iberian segment of the Variscan orogenic belt. The tectonic evolution of the Lithos 162-163 (2013) [221] [222] [223] [224] [225] [226] [227] [228] [229] [230] [231] [232] [233] [234] [235] Fig. 1. A) Geological distribution of Variscan syn-to post-orogenic granitoids in the Central Iberian Zone, northern Portugal (Ferreira et al., 1987, modified) . Inserted rectangle: studied area. VRSZ -Vigo-Régua shear zone, D 3 -last ductile deformation phase; B) geological sketch map of the Vieira do Minho granite (VMG) and the Moreira de Rei granite (MRG), with sampling locations (after Noronha and Lima, 1992) .
Variscan belt, Gondwana-Laurasia collision, and the consequent closure of the Rheic Ocean, has taken place from the Middle-Devonian to the Middle-Carboniferous times followed by post-thickening extension from the Mid-Carboniferous to the Permian. Three main deformation phases (D 1 , D 2 and D 3 ) have been described in this sector of the Variscan belt (Noronha et al., 1979; Ribeiro, 1974; Ribeiro et al., 1983) . The D 1 and the D 2 deformation phases are related to the maximum of Variscan crustal growth. The late deformation phase, D 3 , Namurian-Westphalian in age, is correlated to the post-thickening and extension which marked the end of the collision process (Dias and Ribeiro, 1995; Lagarde et al., 1992) . The events related to this tectonic phase were marked by vertical folds with subhorizontal axes and strike-slip sinistral and dextral, subvertical shear zones which controlled the large volume of orogenic granitic rocks emplaced in the Central Iberian Zone, (Aguado et al., 2005; Almeida et al., 2002; Dias et al., 1998 Dias et al., , 2002 Ferreira et al., 1987; Martins et al., 2009 Martins et al., , 2011 Noronha et al., 1979) . Based on field and geochronological data, these Variscan granites were divided into two main groups (Dias et al., 1998; Ferreira et al., 1987; Martins et al., 2009 Martins et al., , 2011 : synorogenic (syn-late and late to post-D 3 ; 320-300 Ma) and late to post-orogenic (post-D 3 ; 299-290 Ma).
The Vieira do Minho pluton, exposed over an area of 1300 km 2 , is located in the Central Iberian Zone (Julivert et al., 1974) , northern Portugal (Fig. 1A) , and belongs to a large batholith of late-Variscan granitoids with a NNW-SSE orientation sub-concordant with the regional D 3 structures. The distribution of the Vieira do Minho pluton is considered to be tectonically controlled by one of the important structures crossing the Variscan basement in northern Portugal, the D 3 Vigo-Régua transtensional shear zone, VRSZ, (Iglesias and Ribeiro, 1981) (Fig. 1A) . In the studied sector (Fig. 1B) , this pluton crosscuts the peraluminous two-mica syn-D 3 granites of Cabeceiras de Basto Complex (Almeida et al., 2002 ) and a metasedimentary sequence Silurian in age (Ribeiro et al., 2001) . At the northern part it was intruded by the post-D 3 Gerês Massif (Mendes and Dias, 2004) . Contact metamorphism of the studied granitoid pluton is marked by neoformation of biotite and cordierite (P: 2 kb, T: 550°C) (Ramos et al., 1981) and is superimposed to a regional metamorphism which reaches biotite-andalusite zone (Ramos et al., 1981) .
The Vieira do Minho pluton is composite (Fig. 1A ) consisting of two biotite-rich porphyritic granite units: a coarse-grained monzogranite, the Vieira do Minho granite (VMG), which occupies a global area of 900 km 2 , and a medium-grained monzogranite, the Moreira de Rei granite (MRG), occupying 400 km 2 . In the studied sector these units are exposed over an area of ca 100 km 2 and ca 60 km 2 , respectively (Fig. 1B) . The VMG is more heterogeneous with a wide variation of megacryst concentrations frequently observed and interpreted as flow magmatic structures. A magmatic fabric is sometimes observed in both granites and is defined by planar orientation of the K-feldspar megacrysts and partially by the biotite. This fabric is related to the magmatic flow whose direction is controlled by the geometry of the intrusion. Abundant mafic microgranular enclaves, which are rare in the VMG, are present in the MRG with elongate shapes that conform to the magmatic fabric of the granite (Veloso and Dias, 1995) . These enclaves have centimetric to metric sizes and present a N40W to N60W trend, sub-concordant with the D 3 regional structures. In addition, angular metasedimentary xenoliths are also present at the southern border of the pluton.
The presence of more basic rocks (gabbro-norites, quartz-diorites, and vaugnerites) associated with these granites, especially within the VMG south of the studied area, have been reported by Andrade and Noronha (1981) , Dias and Leterrier (1994) and Dias et al. (2002) .
Both granitoids are crosscut by pegmatite and aplite dykes intruded as parallel swarms with dominant NE-SW trending. Porphyritic dykes, mostly of basic compositions (lamprophyres), are also present with an ENE-WSW orientation. They have been dated yielding an age (K-Ar) of 189 ± 9 Ma (Teixeira and Gonçalves, 1980) .
The gradational contact between the VMG and the MRG suggests a synchronous emplacement of the two units.
Petrography and microstructural study
The main petrographic characteristics of the two granites are reported in Table 1 . On the basis of estimated modal compositions, obtained by normative compositions, the two granites are classified as monzogranites; they have a porphyritic hypidiomorphic granular texture and consist mainly of quartz (26-35%), perthitic K-feldspar (19-26%), plagioclase (30-38%) and biotite (7-15%). Muscovite is also present but is rare (1-7%). Andalusite and cordierite were also observed but only in one sample of the VMG. Apatite, zircon, titanite, ilmenite, monazite (only in VMG) and thorite + allanite (in MRG), can be found as accessory phases.
Quartz is anhedral, typically interstitial, and shows an important recrystallization process, mainly in the VMG. The plagioclase (An 34 -An 15 ) is euhedral to subhedral and shows oscillatory zoning. However, more sodic composition (An 2 -An 5 ) may be found in intragranular crystals and in rims that surround the zoned plagioclase and in myrmekitic intergrowths. The albitisation processes (under subsolidus conditions) are common near the contacts and within the K-feldspar crystals which consist of perthitic orthoclase. Microcline can be also present as megacrysts of an earlier growth stage or as interstitial crystals of later formation. They are subhedral or anhedral respectively, cross-hatched twinned and contain inclusions of zoned plagioclase with albite rims, concentrically distributed biotite and globular quartz. Biotite is generally subhedral with reddish-brown to pale yellow pleochroism with abundant inclusions of zircon, apatite, some monazite, ilmenite, rare allanite (in the MRG), rutile and epidote. It sometimes forms polycrystalline aggregates and is locally altered to chlorite. Magmatic muscovite is characterised by subhedral crystals, sometimes overgrowing magmatic biotite and K-feldspar and shows a random orientation. Muscovite crystals with irregular shapes are also observed and were formed below solidus-temperature (secondary muscovite). The granites of Vieira do Minho pluton have no visible structure in the field. However granite fabrics study requires the establishment of the microstructures origin, either magmatic or eventually superimposed solid-state. Criteria for this distinction are presented in a number of papers (e. g. Blumenfeld and Bouchez, 1988; Bouchez et al., 1992; Paterson et al., 1989; Vernon, 2000) and the significance of the different microstructures is defined according to magma rheology considerations (Nicolas, 1992; Vigneresse et al., 1996) . When the solid fraction of magma does not exceed a certain amount, about 60%, enough melt is supposed to be present to allow free crystal rotation, i.e. no significant crystal interactions will occur during magma deformation (Arzi, 1978) . This behaviour characterises the magmatic state during which magma develops a crystal shape fabric in the course of its emplacement. Optical microstructures have been examined in order to determine both the degree of deformation and the physical state of the rock that prevailed during fabric development. The microstructures observed in thin sections of the studied granites show essentially: (i) magmatic microstructures, some undulatory extinction in quartz, ( Fig. 2A) and (ii) high temperature microstructures, chess-board pattern (Fig. 2B) and grain boundary migration in quartz grains (Fig. 2C, D) , undulatory extinction both in muscovite (Fig. 2E ) and biotite crystals (Fig. 2F) , bending of biotite cleavages (Fig. 2G ) and of plagioclase twin planes (Fig. 2H) .
Irregular grain shapes, bowed grain boundaries are often observed in quartz, which are characteristic of a high mobility of the grain boundary at high temperature. Quartz grains also present a chessboard-like texture indicating both ‹a› and ‹c› dislocation slip occurring during high temperature deformation (e.g. Gébelin et al., 2006) .
Analytical methods

Anisotropy of magnetic susceptibility
The AMS study sampling was performed in 13 sites in the entire massif, corresponding 6 sites to the MRG and 7 to the VMG, where a total of 3 or 4 oriented cores were collected at each station. The poor exposure conditions within the pluton made an extensive sampling difficult. In the laboratory, each core was sawed in two cylinders and a total of 95 rock-cylinders, 25 mm in diameter and 22 mm in length, were obtained and prepared for magnetic measurements. Measurements were performed using KLY-4S Kappabridge susceptometer Agico model (Czech Republic) of "Centro de Geologia" of the Porto University. For each site, the Agico software, ANISOFT, enabled us to calculate the mean susceptibility Km, which is the mean of the eight (or more) individual arithmetic means (k1 + k2+ k3)/3. With ANISOFT, the intensities and orientations of the three axes K1≥ K2≥ K3, which are the tensorial means of the k1 ≥ k2≥ k3 axes for the eight specimens, were also calculated, as well as the 95% confidence angles E12, E23 and E31 corresponding to these three axes. The magnetic fabric is defined by the magnetic lineation (parallel to the long axis of the mean ellipsoid orientation average, K1) and the magnetic foliation (plane perpendicular to the orientation of K3, the short axis). P, the magnetic anisotropy ratio, corresponds to K1/K3, but in this study we use the parameter P% = ((K1/K3) − 1) × 100, (Rochette, 1987) . To describe the shape of the AMS ellipsoid the shape parameter, T, expressed by T = [2 ln (K2/K3)/ln (K1/K3)] − 1 (Jelinek, 1981) was computed.
U-Pb dating
The U-Pb isotopic analyses were carried out at CRPG, Nancy, France, using a conventional U-Pb method on multigrain zircon and monazite fractions. The zircons were recovered by crushing of the sample and sieving, followed by heavy liquid and magnetic separations and finally hand picking. Four zircon fractions were selected according to their morphology, colour, and lack of inclusions, fractures and metamictisation. Some of these fractions were submitted to air-abrasion (Krogh, 1982) to eliminate the external zones of the crystal where Pb loss may have occurred. All zircon fractions were observed by backscattered scanning electron microscopy (BSEM).
Chemical preparation of U and Pb analysis includes: (1) HNO 3 3N warm washing of the zircon; (2) HF digestion at 240°C and HCl 3N dissolution of the fluorides at 180°C in a Teflon bomb (Parrish, 1987) ; (3) separation of Pb and U by elution on anionic resin of two aliquots (one with addition of a mixed 208 Pb-235 U spike) following Krogh (1973) . Common Pb blanks varied from 30 to 80 pg during this study. The atomic ratios were corrected for initial common lead composition blanks (Stacey and Kramers, 1975) and mass fractionation using NBS 983 Standard. The U-Pb ages with 2σ errors were calculated using a version of Isoplot program (Ludwig, 2003) . Concordia diagram was constructed using the Isoplot 3 program (Ludwig, 2003) . The decay constants used for age determinations are from Steiger and Jäger (1977) .
Geochemistry
Whole rock geochemistry
Whole-rock chemical compositions of thirty-nine samples have been analysed for major-trace-and rare-earth elements at CRPG, Nancy, France. The samples were fused using LiBO 2 and dissolved with HNO 3 . Solutions were analysed by inductively coupled plasma atomic emission spectrometry (ICP-AES) for major elements, whilst trace elements were determined by ICP mass spectrometry (ICP-MS). Uncertainties in major elements are generally between 1 and 3%, whereas most of the trace elements have uncertainties b10%. More information on the procedure, precision and accuracy of Nancy ICP-MS analyses is given by Carignan et al. (2001) .
Sr-Nd isotopes
Measurements of Sr and Nd isotope values from VMG (three samples) were carried out at the General Research Services of Geochronology and Isotopic Geochemistry (University of the Basque Country/EHU, Spain). Chemical procedures for sample preparation are described in Pin and Bassin (1992) , Pin et al. (1994) and Pin and Santos Zalduegui (1997) .
Sm and Nd concentrations were determined by isotope-dilution TIMS using a mixed Nd ratios are also similar to those obtained in other labs by the same technique (e.g., Pin and Santos Zalduegui, 1997) .
143
Nd/ 144 Nd ratios were measured by TIMS in a Finnigan MAT-262 instrument in static multicollection mode, and corrected for mass fractionation by normalization to 146 Nd/ 144 Nd = 0.7219 (Thirlwall, 1991; Wasserburg et al., 1981) . Three aliquots of the La Jolla isotopic standard measured under the same conditions gave 143 Nd/ 144 Nd = 0.511878(10).
87
Sr/ 86 Sr ratios were measured by MC-ICP-MS using a highresolution Thermo Fisher Scientific Neptune instrument in static multicollection mode, and corrected for mass fractionation by normalization to 88 Sr/ 86 Sr = 8.375209 (Steiger and Jäger, 1977 Nd CHUR = 0.1967 (Jacobsen and Wasserburg, 1984) have been used.
Oxygen isotope
Oxygen isotope data were performed on two samples analysed for Sr and Nd isotopes in the VMG and two selected samples from the MRG at the Stable Isotopic Laboratory of Salamanca, University of Salamanca, Spain. Oxygen was extracted from rocks by laser fluorination techniques, quantitatively converted to CO 2 by reaction with a heated carbon rod and analysed for 18 O/ 16 O ratio with a dual inlet VG SIRA-II Mass Spectrometer. The analytical data are reported in the familiar δ-notation referenced to SMOW. Two or more extractions were made on each sample; the reproducibility of isotopic analyses is ±0.1‰. NBS-28 yielded an average δ
18
O value of 9.5‰ VSMOW.
Results
Anisotropy of Magnetic Susceptibility (AMS)
An Anisotropy of Magnetic Susceptibility (AMS) study was conducted to characterise magnetic mineralogy and acquire a data set for the fabrics of the Vieira do Minho granite. The results for the thirteen stations are summarised in ), characterising paramagnetic minerals as the principal carrier of magnetic susceptibility. The magnetic mineralogy is, therefore, dominated by paramagnetic minerals such as biotite, which is easily observed in thin section and which is the main Fe-bearing mineral. The magnetic anisotropy expressed by the parameter P% is between 2.7 and 6.1% (mean: 4.2%). The AMS ellipsoid shape parameter indicates ellipsoids dominantly oblate (mean: 0.114). Benn (1994) demonstrated experimentally that the AMS ellipsoid becomes increasingly flatter, as the strain increases, mainly for a magnetic anisotropy higher than 4%. In the studied granites we have 6 stations where P% >4%. However, in the studied granites, the plot of the T and P% parameters showed that no relationship AMS ellipsoid and the magnetic anisotropy is established (Fig. 3) .
Once, the magnetic signal is mainly attributed to the biotite, the K1 and K3 axes may be directly interpreted as the lineation and the pole of foliation of the mineral fabrics, respectively (Rochette et al., 1992) . The magnetic lineation (K1) and the pole of the magnetic foliation (K3) are plotted on an equal-area and lower hemispheric projection (Fig. 4) . Most of the sites show well-grouped K1 and K3 axes projection and low 95% confidence angles (Table 2 , Fig. 4 ). Despite the similarity for the Km, P% and T values in the MRG and the VMG, the AMS fabric patterns are different for the two units: in the MRG magnetic foliations are NW-SE-trending with very steep dips ranging from 53 to 87 to NE. However, in the VMG magnetic foliations are NW-SE trending dipping to SW with dips ranging from 21 to 62. Most magnetic lineations are NW-SE-trending with shallow plunges (Fig. 4) and in three sites of the MRG have shallow plunges to NE.
U-Pb geochronology
The U-Pb isotopic age determination was carried out on three zircon fractions and one fraction of monazite only for the VMG and the results are given in Table 3 . All zircon fractions are limpid and colourless to pale yellow. The monazite is subhedral, very limpid and with light yellow colour. A morphological study using the zircon typology (Pupin, 1980) was carried out and allows the identification of several zircon types, indicating a crustal or dominantly crustal origin for the VMG and an hybrid calc-alkaline magma for the MRG (Martins and Noronha, 2000a) .
According to their morphology four different populations of zircon have been recognized in the VMG: prismatic zircons (short, long and acicular), lamellar zircons and a less common subspherical multifaceted zircons which are included in short prismatic fraction. The internal structures (BSME images) of the zircons show typical magmatic structures, with an inner zone with oscillatory internal structures surrounded by regular fine magmatic zoning. These structures are common in long prismatic zircons. The prismatic acicular and the lamellar zircons are very homogeneous crystals devoid of cores and showing generally a faint zoning dominantly oscillatory internal structures. The BSME imaging of the subspherical type reveal the presence of inherited cores. The analytical points of three zircon and monazite fractions are concordant and define a line (MSWD of concordance = 0.045, probability of fit = 0.99) intersecting the Concordia at 310 ± 2 Ma (Fig. 5) . The monazite is slightly reversely discordant giving a 207 Pb/ 235 U age of 312 ± 2 Ma which is in good agreement with the age obtained for zircon fractions. It must be noted (Table 3 ) that one zircon fraction (short prismatic, including multifaceted subspherical) is largely discordant with 207 Pb/ 206 Pb age of 647 Ma. This discordance is interpreted as indicating the presence of inherited lead, which is confirmed by the observed cores in BSEM images.
The U-Pb isotopic data for the MRG was obtained by Dias et al. (1998) yielding an age of 307 ±3.5 Ma (upper intercept). These data led us to consider that the 310 ± 2 Ma and the 307± 3.5 values are likely to be the age of emplacement and crystallisation of the monzogranites. Table 4 .
The VMG and the MRG are characterised by a high and restricted SiO 2 range of 67-73 wt.%. With slightly lower average SiO 2, the MRG has somewhat higher MgO and TiO 2 concentrations than the VMG. They have, on the other hand, a potassic signature with K 2 O/ Na 2 O ratio ranging from 1.57 to 1.84 in the VMG and 1.51-1.70 in the MRG. Both granites reveal a peraluminous character with aluminium saturation index A/CNK ranging from 1.05-1.16 and 1.05-1.09 in the VMG and in the MRG, respectively. The similarities in the major element oxides and some of trace elements can be easily observed in the variation diagrams (Fig. 6) . The VMG, which presents a wide range of geochemical variations, shows a decrease of Al 2 O 3 , CaO, Fe 2 O 3 , MgO, TiO 2 and Zr while SiO 2 increasing, indicating biotite, ilmenite and zircon fractionation during the magmatic evolution. A similar evolution trend was observed in the MRG (Fig. 6) . According to the classification proposed by Frost et al. (2001) these granites are peraluminous (Fig. 7) and belong to the alkali-calcic series. However, the VMG plots mostly in the ferroan field and the GMR in the magnesian field (Fig. 8) . Both granites present a moderate REE fractionated patterns, with (La/Yb) N ranging from 13.16 to 21.71 and 17.64 to 21.20 in the VMG and the MRG, respectively. The REE patterns are similar in both units and the MRG fall entirely within the field of VMG REE patterns. They have also a negative Eu anomaly in the same range, Eu/Eu*= 0.45-0.60 in the VMG and Eu/Eu* = 0.42-0.61 in the MRG (Fig. 9) .
Multi-element diagram normalized to the primitive mantle show also very similar patterns and a remarkable superposition of the two granites, with positive Rb, Th, and Nd anomalies and negative Ba, Nb, Sr and Ti anomalies (Fig. 10) . The presence of Ba and Sr anomalies, suggest, together with a negative Eu anomaly (Fig. 9) , that these granites crystallized from magmas that underwent significant feldspar crystallization or partial melting of the parental rocks with residual feldspar.
Although the whole rock geochemical data are very similar in both granites, the VMG is comparatively depleted in MgO. The geochemical data rule out a simple fractional crystallization relation between the VMG and the MRG, which might represent two different magma batches. This is also corroborated by the biotite composition of the two granites which differ mainly by its Mg and Al content (Martins and Noronha, 2000b) . The biotites of the VMG are more aluminous (Al t = 3.25-3.65 apfu) and less magnesian (XMg = 0.30-0.38), than the biotites from the MRG (Al t = 3.11-3.35 apfu and XMg = 0.38-0.45).
Geochemical and mineralogical data suggest that these granites share common features typical of peraluminous granite suites. The felsic nature of the studied Variscan plutons contrasts with Mesozoic cordilleran batholiths, which are more metaluminous, magnesian and Na-rich granites (e.g. Frost et al., 2001 ).
Whole rock isotopic data
The isotopic results, along with the calculated initial 87 Sr/
86
Sr and ε Nd values are given in Table 5 .
The available isotopic data from the MRG were obtained by Dias et al. (2002) . This granite presents a ( 87 Sr/ 86 Sr) i between 0.7070 and 0.7075 with initial ε Nd = − 6.0 to − 5.2 (Table 5 Sr) ratio at 310 Ma, suggesting an isotopic heterogeneity in the VMG (Table 5 ). Isotopic Sr, Nd signatures from the studied granites are very similar to those found in other syn-to-post-D3 Variscan granites from northern Portugal, and also from other areas of the Central Iberian Zone (e.g. Bea et al., 1999; Dias et al., 2002; Villaseca et al., 1998 Villaseca et al., , 2008 . Whole-rock oxygen isotope (δ 18 O VSMOW) values, for four representative samples of the studied granites, range from + 10.6‰ to + 11.0‰ in the VMG through to + 9.9‰ to + 10.5.0‰ in the MRG. O values in the VMG suggest that they could be derived for slightly shallower protoliths than the MRG (e.g. Holk and Taylor, 1997; Villaseca and Herreros, 2000) .
Discussion
Structural constraints to granite emplacement
Internal fabrics of granitoids are often regarded as representative strain markers to investigate crustal deformation (e.g. Turriollot et al., 2011) . According to the magnetic susceptibility values, no magnetite is present and biotite appears as the main carrier of the magnetic susceptibility. This feature points out the paramagnetic behaviour of the granites of Vieira do Minho which allows to include this pluton in the "magnetite-free granites" group (Ishihara, 1977) as is usually found in Central Iberian Zone . Therefore, the magnetic fabrics measured within the granite during the AMS survey can be directly correlated to the magmatic fabrics of the main granite body. Within the pluton, the magnetic foliations are NW-SE striking, having steep dips to NE in the MRG and lower dips to SW in the VMG. This pattern shows that in both granites, magnetic foliations dip to the geological limit of the two granites, parallel to the VRSZ, pointing out the role of this crustal anisotropy in the emplacement of both granites. The acquisition of this magnetic fabric can be the result of magma stretching parallel to magmatic flow, at the end of the last ductile Variscan deformation phase, D3. The magnetic fabric pattern records the evolution of regional tectonics during crystallization of the magma, which is also confirmed by the presence of high to medium temperature microstructures rather than only magmatic microstructures. In the case of both granites, the magmatic or high to medium temperature microstructures as well as the field data suggest that magma emplacement was late-tectonically driven. This (Frost et al., 2001 ) from the Vieira do Minho granite (VMG) and the Moreira de Rei granite (MRG). Symbols as in Fig. 6 . assumption is corroborated by the values of Km and P% parameters. According to Sant'Ovaia and Noronha (2005) , Km higher than the 70× 10 −6 SI and anisotropy between 2.5% and 4% is typically of the Variscan synorogenic biotite granites, where P% corresponds to a weak orientation of the fabric.
We propose that the D 3 Vigo-Régua transtensional shear zone and the structures related to it played an important role on the ascent of the granite magmas.
The U-Pb zircon and monazite data led us to consider that the 310 ± 2 Ma and the 307 ± 3.5 values are the age of emplacement and crystallisation of the VMG and the MRG, respectively. The narrow age range is in agreement with the geological data (late-D 3 emplacement) and suggest coeval emplacement of these two granites. These ages are consistent with published zircon U-Pb ages on neighbouring granite plutons from northern Portugal (Dias et al., 2002 , and references therein). They furthermore agree with ages, which have been reported from Aguado et al. (2005) , Dias et al. (1998) and Fernández-Suárez et al. (2000) for late-D 3 plutonism in the Cental Iberian Zone (306-311 Ma).
Nature of the granite sources
The protolith nature of Variscan granites in Central Iberian Zone is an ongoing subject of intense debate, and the complex geodynamic setting as well as the geochemical and isotopic variability make difficult to establish their potential sources. The lack of appropriate sources in terms of isotopic composition has led to consider several models for the origin of the peraluminous granites: (i) mixing or assimilation between crustal melts and mantle-derived magmas (Castro et al., 1999; Dias and Leterrier, 1994; Dias et al., 2002 Dias et al., , 2009 Moreno-Ventas et al., 1995) (ii) partial melting of essentially crustal sources either from mid-crustal levels (Bea et al., 2003; Neiva, 1998) or from infracrustal materials, namely metaigneous rocks (Dias et al., 2002 (Dias et al., , 2009 Martins et al., 2009; Villaseca and Herreros, 2000; Villaseca et al., 1998 Villaseca et al., , 1999 .
Large granitoid batholiths of variable age and typology emplaced in the CIZ, during the post-thickening extension of the Variscan orogeny, offers a good opportunity to constrain those questions. Available data set reveal that synorogenic granites (320-300 Ma) and post-orogenic granites (299-290 Ma) are characterised by contrasting magmatic affinities, as well as contrasting isotope compositions. Some of the synorogenic granites frequently occur in composite plutons, associated with coeval gabbro-norite to granodiorite bodies, in which is included the Vieira do Minho pluton. The VMG contains rare mafic microgranular enclaves and is spatially associated with hm-to km-sized gabbroic to granodioritic bodies, south of the studied area. Both granitoids and basic-intermediate rocks show evidence of mixing/mingling phenomena and a hybrid origin has been suggested (Dias et al., 2002 (Dias et al., , 2009 ). These authors propose that the gabbro-norite rocks, although having a primitive character, show Sr-Nd isotope composition (Sr i =0.7049-0.7053, ε Nd =−2.1 to −2.5) suggesting the existence of a sub-Iberian enriched mantle during the Variscan event. The enriched nature of subcontinental mantle domains is also present in other sectors within the Variscan Belt (Fernández-Suárez et al., 2011; Janousek et al., 2000; Moreno-Ventas et al., 1995; Orejana et al., 2009; Pin and Duthou, 1990; Villaseca et al., 2011) . Further constraints about the hybridisation process in the genesis of granitoids are given by the presence of mafic microgranular enclaves associated with granitic rocks, as they are generally considered as representing a mantle-derived component (Barbarin and Didier, 1992; Bea et al., 1999; Bonin, 2004; Cocherie et al., 1994; Collins et al., 2000; Dias and Leterrier, 1994; Dias et al., 2002; Didier, 1987; Janousek et al., 2004; Moreno-Ventas et al., 1995; Orsini et al., 1991; Renna et al., 2006; Silva and Neiva, 2004; Slaby and Martin, 2008; Vernon, 1984) .
The MRG presents a lot of mafic microgranular enclaves, suggesting a significant mantle input and a more hybrid nature. According to Dias et al. (2002) the gabbro-norites represent the most likely source for the mantle-derived melt end-member in the genesis of the MRG, being the felsic member similar to the VMG crustal magma. Nevertheless, in Fig. 11 the mafic microgranular enclaves plot in an intermediate field between granites and mantle-derived magmas, suggesting chemicalinteraction between basic magmas and crustal melts. In addition, there is no isotopic indication for significant mantle contribution in the genesis of granites from the Vieira do Minho pluton. The involvement of such contribution requires a large volume of basic rocks, which is not present in the area. A minor involvement of coeval mafic magmas with the granitoids is enough to explain the presence of local intermingling and mafic microgranular enclaves in granitoids (e.g., Villaseca and Herreros, 2000) . The proportions of gabbro-diorite: tonalite-granodiorite: granites are 1:11:88 contrasting with those found in continental margins, 16:58:26 (Castro et al., 2010; Pitcher, 1978) with scarce peraluminous series, suggesting that different sources and/or different melting or crystallization processes were involved in granite petrogenesis. Mechanisms other than pure crustal melting could generate peraluminous magmas (e.g. Barbarin, 1996) (Villaseca and Herreros, 2000, modified) ; Nd and oxygen isotopic data of SCS granites and orthogneisses are from Villaseca et al. (1998) and Villaseca and Herreros (2000) ; Nd and oxygen isotopic data of felsic granulites are from Villaseca et al. (1999) and Villaseca and Herreros (2000) ; data of Upper-Precambrian Schist-Greywacke Formation (SGF) of the Central Iberian Zone are from Ugidos et al. (1997) ; microgranular enclaves data are from Recio et al. (1992) , Pinarelli and Rottura (1995) and Moreno-Ventas et al. (1995) ; other isotopic data are from Table 5 . but it seems unlikely that they could generate large batholiths of peraluminous felsic granites. Melting-assimilation experiments carried out by Castro et al. (1999) at 1000°C and 4, 7 and 10 kbar and using a proportion of 50% gabbro and 50% gneiss give high silica-rich melt proportions (more than 50 vol.%) whose compositions closely overlap those of the studied peraluminous monzogranites. Although, fractionation together with assimilation have frequently been observed in calc-alkaline magmatic complexes they cannot be invoked to explain the chemical and isotopic evolution of the granites from de Vieira do Minho pluton. An AFC model for several r values was applied to these granites, assuming that the gabbro from Dias et al. (2002) and the VMG are a good approximation for the mantle-derived magma and the crustal contaminant, respectively. However the large spread of the samples away from the modelled theoretical curve is not consistent with this petrogenetic process (Fig. 12) . According to Brophy (2009) fractionation mechanisms worked well in explaining differentiation in calc-alkaline systems where large volumes of mafic rocks are accompanied by only a small volume of highly evolved rocks, which is not the case. Furthermore U-Pb geochronological and petrological data from Variscan gabbros support the argument that these rocks are not mafic precursors of the associated granite magmatism, but mostly coeval (e.g. Orejana et al., 2009; Villaseca et al., 2011) . All these arguments preclude the possibility that the studied peraluminous granites represent an evolved fraction from a more basic magma. Thus we see no evidence that the studied granites could represent the more evolved fractionates from a calc-alkaline system. The composition of these monzogranites is different from that of melts obtained experimentally from pelitic protoliths, rather suggesting a major involvement of metaigneous protoliths or metagreywacke sources (Conrad et al., 1988; Holtz, 1989; Holtz and Johannes, 1991; Johannes and Holtz, 1996; Patiño-Douce and Johnston, 1991) . The VMG shows mineralogical and geochemical features that are characteristic of crustal-derived magmas. It is a peraluminous monzogranite in which microgranular mafic enclaves are rare or absent. It presents a slightly more evolved chemical composition when compared with the MRG (more aluminous and less magnesian biotites) and more enriched Sr-Nd isotopic signature (Sr i =0.7087-0.7098, ε Nd = −5.5 to −5.2). The most suitable crustal source with an appropriate Sr-Nd composition on the basement of the Iberian Massif is a felsic lower crust. In what concerns the composition of the lower crust in the Iberian Massif we have to emphasize the data about the deep structure of the crust in this sector obtained by deep seismic profiles undertaken by the Iberian Lithosphere Heterogeneity and Anisotropy Project (ILIHA DSS GROUP, 1993) . The data showed a continental crust of around 30 km in thickness, similar to the average crustal thickness of Phanerozoic fold belts of Central Europe (Wedepohl, 1995) . The lowermost 8 km correspond to a granulitic lower crust with P-wave velocities always in the range of 6.5-6.9 km/s, which are more typical of felsic compositions (Villaseca et al., 1999) . According to Téllez et al. (1993) the structure of the crust in Northern Portugal is similar to that of Central Spain (Suriñach, 1988) . Besides the ILIHA crustal data show that there are no significant lateral inhomogeneities in deep Iberian crustal structure in contrast to the heterogeneous Variscan surface geology. It has been suggested that the melt of this lower crust gives a peraluminous granite liquid in equilibrium with restitic material corresponding to metaigneous peraluminous felsic granulites (e.g. Orejana et al., 2011; Villaseca et al., 1999) , which eventually formed some batholiths of the Central Iberian Zone. The initial Sr isotopic ratios in the range of 0.706-0.713 and ε Nd from −2 to −8 in these felsic metaigneous rocks (Villaseca et al., 1999) match to those of the VMG and the MRG monzogranites (Table 5) . Moreover the outcropping metamorphic and metasedimentary rocks from low to middle and upper crust have a clearly different isotopic composition (Beetsma, 1995; Villaseca et al., 1998) . Therefore we propose that the felsic granulites could be a potential source for the studied granites. Recent studies on U-Pb zircon ages in the Spanish Central System granulites seem to reinforce this conclusion, showing an abundant population of metamorphic zircons formed in the range 320-275 Ma (Orejana et al., 2012) which match the age of crystallisation of the analysed granites.
In Fig. 11 it is possible to observe that the δ
18
O values of the VMG (in the range of 10.6‰ to 11.0‰) also support a metaigneous source as outcropping orthogneisses have δ
18 O values in the range of 10.1 to 10.9‰ (Villaseca and Herreros, 2000) . Oxygen isotopes results from lower crustal granulite xenoliths exhibit a lower range in δ
O values from 8.3 to 9.6‰ (Villaseca and Herreros, 2000) . Nevertheless, other felsic metaigneous granulites are slightly enriched in δ
O with an average δ
O values around 10‰ (Hoefs, 2009) , which are more similar to those obtained for the studied granites. Higher δ
O values are found in outcropping metamorphic wall rocks (e.g. Ugidos et al., 1997; Villaseca and Herreros, 2000) , suggesting that values over 10‰ might involve shallower crustal protoliths. Thus, the VMG could be derived from shallower meta-igneous protolith than the MRG (Fig. 11) .
Giving the above considerations, deduced from oxygen isotope mean values, the granites from the studied pluton were probably derived from metaigneous protoliths at different crustal levels. The available data, thus, suggest an extensive crustal recycling event at the post-collisional stage of the Variscan orogeny. However, we think that other kinds of data (such as Lu-Hf isotopes) would be necessary for a deeper discussion on the nature of the granites protolith.
Conclusions
Geochronological and geochemical data together with the microstructures and AMS results provided the following conclusions:
• The two granites that compose the Vieira do Minho pluton have similar values of Km, P% and T. Km values indicate that the magnetic mineralogy is dominated by paramagnetic minerals such as biotite. Magnetic anisotropy is typically of the Variscan late-tectonic biotitic granites, where P% corresponds to a weak orientation of the fabric. Shape parameter show oblate AMS ellipsoids that point out the contribution of the biotite to the AMS fabric. The regional consistency of magnetic fabric, NW-SE striking magnetic foliations associated to magnetic lineations with the same direction, and the NW-SE D 3 regional structures, show that the acquisition of the fabric can be the result of magma stretching parallel to the magmatic flow, at the end of the last ductile Variscan deformation phase, D 3 . This enhances the role of NW-SE structures on the granite magmas ascent and emplacement.
• The U-Pb zircon age obtained in the present study is consistent with field relationships and structural data and suggests a late-tectonic emplacement. The late-tectonic feature of the studied granites is also supported by high to medium temperature microstructures which suggests that the magma suffers significant deformation once crystallized. The U-Pb zircon and monazite data led us to consider that the 310 ± 2 Ma and the 307 ± 3.5 values are the age of emplacement and crystallisation of the VMG and the MRG, respectively. The narrow age is in agreement with the geological data (late-D 3 emplacement) and suggests coeval emplacement of these two granites. These ages are consistent with published zircon U-Pb ages on similar granite plutons from northern Portugal, namely Celeirós, Braga and Celorico de Basto plutons (Dias et al., 2002 , and references therein). . These granites are associated with coeval scarce gabbroic intrusions and/or mafic microgranular enclaves which are not considered as mafic precursors of the associated granitic magmatism. Instead, based on the available data set, metaigneous crustal protoliths, at different levels, are proposed. The interaction between the continental crust and invading mafic magmas could have been limited to mere heat transfer.
